INTRODUCTION
Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is an autosomal dominant disorder caused by mutations in NOTCH3 (1) . Degeneration of brain vessels result in recurrent ischemic events that often lead to adult-onset vascular dementia in patients with this disorder (1 -3) . The disease is characterized by the loss of vascular smooth muscle cells (SMC) and the extracellular accumulation of the Notch3 ectodomain and granular osmiophilic material in the vessels (4, 5) . However, the molecular mechanisms by which Notch3 mutations lead to vascular degeneration and stroke are unknown.
Notch3 belongs to a family of highly conserved single pass transmembrane receptors that regulate cell fate decisions during development of metazoans (6) . Before reaching the plasma membrane, the immature mammalian Notch proteins are cleaved at an S1 site in the extracellular domain by furin-like convertase to form a mature heterodimeric receptor containing a 110-120 kDa fragment (N TM ) with the transmembrane and intracellular segments, and an extracellular fragment (N EC ) containing epidermal growth factor-like (EGF-like) repeats and Notch/Lin-12 repeats (7, 8) . Upon binding to Delta or Jagged/Serrate ligands expressed in adjacent cells, Notch undergoes a series of additional cleavage events that result in the translocation of the intracellular domain to the nucleus, where it regulates transcription of genes through interaction with the DNA binding protein C-promoter binding factor-1 (CBF-1) (9) .
# The Author 2005. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oupjournals.org Most CADASIL mutations are missense changes that result in the addition or removal of cysteines from the EGF-like repeats of Notch3 (10) . However, mutations resulting in small in-frame deletions within these modules have been reported (11, 12) . Changes in the number or the spacing of six highly conserved cysteine residues in an EGF-like repeat may interfere with the formation of disulfide bonds and disturb the tridimensional structure of this module (11) . However, it is still unclear how such changes affect Notch function at the molecular level. Recent work indicates that rare CADASIL mutations located in the ligand-binding domain (EGF-like repeats 10 and 11) result in very early onset of stroke (13) and affect interaction of Notch3 receptor with ligands (14, 15) . However, most CADASIL mutations affect EGF-like repeats (1 to 5) located away from the ligand-binding domain (10) and do not interfere with Notch3 signaling (14 -17) . In fact, mutations at such locations have been reported to impair S1 cleavage and delay membrane localization of Notch3 receptor (15, 17) . In contrast to other CADASIL mutations, the C542Y change located in EGFlike 13 almost completely abrogated Notch3 localization to the plasma membrane, thus affecting signaling (14) . It is unclear whether Notch3 mutations lead to CADASIL through different molecular mechanisms or whether a common consequence of such changes is yet to be described.
In this work, we explored the effect of CADASIL mutations on post-translational O-linked glycosylation of Notch3. This particular type of modification has been shown to modulate Notch preference for its ligands Delta and Jagged/Serrate (18 -21) . EGF-like repeats located in the extracellular domain of Notch receptors undergo modification with O-fucose on serine or threonine residues in a process mediated by protein O-fucosyltransferase 1 (O-FucT-1) (22, 23) . Previous experiments indicate that O-FucT-1 glycosylates only properly folded EGF-like repeats and suggest a role for this enzyme in quality control (24 -26) . Several, but not all, of the fucosylated EGF-like repeats can then be modified by Fringe, which adds N-acetylglucosamine to the O-fucose to form a disaccharide (27 -29) . Other enzymes add galactose and finally sialic acid to form trisaccharide and tetrasaccharide structures (27) . Differential localization of Fringe, of which mammals express three homologs named Manic, Radical and Lunatic, is thought to be the rate limiting step in the sequential glycosylation process (30) . The glycosylation of many EGF-like repeats targeted by CADASIL mutations, which also contain the motif for O-linked glycosylation, may be impaired (Fig. 1A) .
RESULTS
A Notch3 fragment containing the CADASIL hot spot is modified by O-linked fucose Glycosylation of Notch3 was studied directly by generating Lec1-Chinese hamster ovary (CHO) cell lines stably transfected with plasmids encoding the first five EGF-like repeats of mouse Notch3 and Lunatic Fringe. To analyze whether CADASIL mutations altered O-fucosylation, Notch3 fragments bearing the R91C, R170C or C213S CADASIL-like mutations were purified from media and analyzed by western blot (for protein levels) and fluorography (for O-fucose levels). In humans, EGF-like repeats 1 -5 are encoded by exons 3 and 4 of the NOTCH3 gene where .60% of the reported CADASIL mutations cluster (10, 31) . Both the R170C and the C213S mutations are near predicted O-fucosylation sites (T174 and T212) and EGF-like repeats 4 and 5 of Notch3 are mutational hot spots (Fig. 1A) .
Wild-type and CADASIL mutant constructs incorporated similar amounts of radiolabeled fucose on a per protein basis (Fig. 1B) . Thus, CADASIL mutations located within the mutational hot spot of Notch3 do not alter the initial O-fucosylation reaction. Previous reports showed that O-FucT-1 preferentially glycosylates properly folded EGFlike repeats (24) and localizes to the endoplasmic reticulum (ER), suggesting a role for this enzyme in quality control (25, 26) . Therefore, it was surprising to find that CADASIL mutations, predicted to affect the disulfide bond structure of the EGF-like repeats, do not prevent O-fucosylation. Mutation of either O-fucose site independently (T174A or T212A) did not eliminate O-fucosylation, but mutation of both sites (T174A and T212A) caused a dramatic reduction in O-fucosylation, suggesting that both sites are modified with O-fucose (data not shown) (discussed subsequently).
Fringe elongates O-fucose residues on EGF-like repeat 4 and 5 of Notch3
To examine whether Fringe was capable of elongating O-fucose sites within the CADASIL hot spot, O-linked carbohydrates were released from purified protein and analyzed by gel filtration chromatography. Expression of the wild-type Notch3 fragment in control cells (pMirb) showed mainly monosaccharides with smaller amounts of di-and tetrasaccharides, indicating that endogenous Fringe in CHO cells can elongate O-fucose on this fragment and the amount of Fringe or the specific Fringe gene may affect the efficiency of the reaction ( Fig. 2A) . Co-expression of the Notch3 fragment with Lunatic Fringe resulted in a significant increase in the levels of elongated sugars (disaccharides, trisaccharides and tetrasaccharides) with a concomitant reduction in the levels of monosaccharide ( Fig. 2A) . Thus, O-fucose modifications within this Notch3 fragment can be elongated by Fringe and other glycosyltransferases. Elongated sugars appeared in the gel filtration profile of Notch3 fragments carrying mutations that abrogated individual glycosylation sites (T174A or T212A), indicating that both O-fucose residues are Fringe substrates ( Fig. 2B and C) . However, the efficiency and extent of elongation appears to be different for each EGF-like repeat. Monosaccharides and tetrasaccharides were the most predominant structures extracted from EGF 5 (represented by the T174A mutant, Fig. 2B ), whereas disaccharides and tetrasacharides were the most abundant structures on EGF 4 (represented by the T212A mutant, Fig. 2C ).
CADASIL mutations located within the hot spot impair glycosylation by Fringe
Fringe elongation of O-fucose was studied in the presence of CADASIL mutations located near glycosylation sites.
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The R170C and C213S CADASIL mutations caused a significant reduction in the levels of Fringe elongated sugars with a consequent increase in the levels of monosaccharide species when compared with that of the wild-type ( Fig. 3A and B). Such reduction was more evident when studying the glycosylation profile of constructs carrying both a CADASIL-like and a glycosylation mutation in different EGF-like repeats. Fucose elongation was reduced in the double mutant construct carrying the R170C/T212A changes and was almost completely abrogated in the construct carrying the T174A/C213S mutations ( Fig. 3C and D) . Interestingly, a mutation located outside those EGF-like repeats that contain glycosylation sites also had reduced levels of elongated sugars (Fig. 3E) . A Notch3 fragment carrying the R91C CADASIL-like mutation in EGF-like 2, which does not contain a glycosylation site, failed to undergo efficient Fringe-mediated elongation of the O-fucose. To confirm these findings, Notch3 fragments were purified from cells after incubation with radioactive glucosamine and analyzed by western blot and fluorography (to measure Fringe-mediated glycosylation). Consistent with the former experiment, the Notch3 fragments carrying the R91C, R170C or C213S mutation incorporated less glucosamine on a per protein basis when compared with that of the wild-type construct ( Fig. 3F ) Thus, CADASIL mutations located within the mutational hot spot of Notch3 impair glycosylation events subsequent to the initial O-fucosylation, specifically those mediated by Fringe. Surprisingly, the CADASIL mutations do not need to be in the same EGF-like repeat as the O-fucosylation site to affect Fringe recognition. (29) . The height of each box stands for the number of CADASIL mutations reported to occur within the EGF-like repeat. The location of some prevalent CADASIL mutations located in the vicinity of predicted glycosylation sites within the hot spot is indicated (R90C, R169C, C212S). All the predicted glycosylation sites in human Notch3 are present in the mouse homolog. (B) Wild-type or mutant Notch3 fragments were purified from culture media of stably transfected Lec1-CHO cells and analyzed by SDS-PAGE. The R91C, R170C and C213S mutations in mouse Notch3 correspond to the R90C, R169C and C212S CADASIL changes in human Notch3. Protein levels and incorporation of radiolabeled fucose were determined by western blot using anti-Myc antibody (top) and fluorography (bottom). The graph below the films indicates the ratio of protein amount over fucose incorporation as determined by densitometric scanning of films.
CADASIL mutations induce aberrant dimerization of Notch3 fragments
Unpaired cysteines from EGF-like repeats carrying CADASIL mutations are, in principle, available to mediate abnormal interactions with other proteins or Notch3 itself through disulfide bonds. To study this possibility, purified Notch3 fragments were analyzed by SDS -PAGE in reducing and non-reducing conditions (with or without beta-mercaptoethanol, BME). Under non-reducing conditions, the wild-type construct was resolved as an individual band of 25 kDa (Fig. 4A) . In contrast, a construct carrying the C213S CADASIL-like mutation was resolved as two bands of 25 and 50 kDa (Fig. 4A ). Wildtype or mutant proteins were purified from culture media of COS-7 cells expressing Lunatic Fringe (LFng-V5) to determine a possible effect of this enzyme in the formation of higher molecular weight structures. In addition to the 25 and 50 kDa bands, SDS -PAGE analysis of the C213S mutant protein revealed another band of 65 kDa in the presence of Lunatic Fringe (Fig. 4A) . The 50 and 65 kDa bands were also resolved by SDS -PAGE analysis of total cell lysate in non-reducing conditions (Fig. 4B) . In every case, the higher molecular weight conformations were disassembled by incubation of the purified protein preparations or cell lysates with reducing agent (Fig. 4A and  B) . The 50 kDa band likely represents homodimers formed by two mutant proteins bound through intermolecular disulfide bonds: such dimers are present in purified preparations of Notch3 fragments, are twice as big as the monomer, and are SDS/EDTA-resistant and BME/dithiothreitol (DTT)-labile ( Fig. 4A and B) (data not shown). Reblotting of the membranes after stripping detected Lunatic Fringe in the 65 kDa band suggesting that in addition to homodimers, the C213S CADASIL mutation induces the formation of heterodimers containing Notch3 and Fringe itself (Fig. 4B) . The proposed heterodimers are present in purified preparations of Notch3 and total lysate of cells expressing Fringe, have a molecular weight of 65 kDa corresponding to the expected size for a complex between mutant Notch3 (25 kDa) and Fringe (40 kDa), and, similar to the mutant Notch3 homodimers, are SDS/EDTA-resistant and BME/DTT-labile ( Fig. 4A and B) (data not shown) . Previous genetic analysis of Fringe mutants in Drosophila suggested that this enzyme may function as a dimer (32) . In keeping with this, Lunatic Fringe was resolved as two bands of 40 and 80 kDa under non-reducing conditions and as a single band under reducing conditions (Fig. 4B) . Thus, Fringe dimerization may be mediated by the formation of intermolecular disulfide bridges. In support of this interpretation, we note that Drosophila Fringe, the three human isoforms of Lunatic Fringe and human Manic are all predicted to have an unpaired cysteine residue likely to be involved in the formation of Fringe homodimers and Fringe/mutant Notch3 heterodimers. Unlike Lunatic Fringe, O-FucT-1, which has an even number of cysteine residues, was resolved as a single band by SDS -PAGE under non-reducing conditions and did not form aberrant complexes with mutant Notch3 fragments (data not shown). The R91C and the R170C CADASIL-like mutations 
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Human Molecular Genetics, 2005, Vol. 14, No. 12 Human Molecular Genetics, 2005, Vol. 14, No. 12 1635 also induced the formation of higher molecular weight structures resolved by SDS -PAGE under non-reducing conditions (Fig. 4C) . Thus, aberrant dimerization of Notch3 with proteins containing an unpaired cysteine is likely to be a common feature in CADASIL.
Glycosylation mutations mimic a maturation defect caused by CADASIL mutations
Previous work showed that CADASIL mutations located in the ligand-binding domain [C428S (14) and C455R (15)] but not those located within the mutational hot spot (R90C, R133C, R141C, R170C, C183R, C212S ) affect interaction with the ligands (14 -17) . Instead, mutations located in the hot spot appear to result in reduced levels of mature S1-cleaved receptor or cause trafficking defects (R133C, R141C and C183R) (15, 17) . Thus, we investigated whether glycosylation mutations reproduce some of the maturation and trafficking defects found in CADASIL mutants located in the mutational hot spot. CADASIL mutations R170C or C213S in Notch3 constructs (full-length fused to GFP, N3 -GFP) decreased S1-cleaved Notch3 receptor, whereas constructs carrying individual mutations in the glycosylation sites at either EGF-like 4 or 5 did not (Fig. 5A) . However, abrogation of both glycosylation sites within the mutational hot spot (T174A and T212A) or the removal of a predicted glycosylation site within the ligand-binding domain of Notch3 (T446A) resulted in a decrease in the S1-cleaved fragment when compared with that of the wild-type (Fig. 5A ).
Membrane proteins were labeled with biotin and analyzed by western blots to determine whether impaired proteolytic maturation of Notch3 resulted in reduced cell surface localization. Constructs carrying glycosylation mutations or CADASIL mutations localized to the plasma membrane of transiently transfected COS-7 cells as did the wild-type (Fig. 5B) . Furthermore, Lunatic Fringe over-expression had no substantial effect on the levels of wild-type or mutant Notch3 receptor present at the plasma membrane (Fig. 5C) . Together, these findings show that defective glycosylation of Notch3 may contribute to the maturation impairment found in CADASIL mutants but imply that mechanisms other than Fringe-mediated glycosylation regulate membrane localization of the receptor.
DISCUSSION
In this work, we showed that CADASIL mutations located within the mutational hot spot reduce Fringe-mediated elongation of O-fucose and induce aberrant dimerization of Notch3 fragments (Figs 3 and 4) . In support of a functional interaction between Notch3 and Fringe homologs, we found co-expression of these proteins in SMC from the human adult vasculature (Arboleda-Velasquez et al. unpublished data). On the basis of our data, we propose that CADASIL mutations cause a change in the tertiary structure or aggregation state of Notch3, resulting in impairment of both elongation of O-linked glycosylation and proteolytic maturation. Such structural changes may explain how mutations located away from the sites of glycosylation and cleavage could affect modification of Notch3 by Fringe and Furin, respectively. Furthermore, these conformational changes of the mutant Notch3 receptor preferentially appear to affect modifications like Fringe glycosylation (27) and Furin processing that are thought to occur in the Golgi apparatus (8, 27) whereas O-fucosylation, which appears to occur in the ER (25, 26) , is preserved. Both impaired glycosylation and aberrant dimerization of mutant Notch3 may contribute to Figure 4 . CADASIL mutations induce aberrant interactions of Notch3. Notch3 fragments purified from culture medium of transiently transfected COS-7 cells (A and C) or total cell lysates (B) in loading buffer (2% SDS) were analyzed by SDS-PAGE (10%) in non-reducing or reducing conditions (10% BME). (A) The C213S mutation induces the formation of Notch3 homodimers resolved as a 50 kDa band under non-reducing conditions (left). In contrast, only the monomeric form of the C213S mutant construct is detected under reducing conditions (right). (B) The Notch3 fragment carrying the C213S mutation forms both homodimers of 50 kDa and heterodimers of 65 kDa reactive to both Notch3 (top left) and Lunatic Fringe antibodies (top right) under non-reducing conditions. Lunatic Fringe monomers (40 kDa) and homodimers (80 kDa) are resolved by SDS-PAGE in the absence of BME (top right). Addition of reducing agent to the protein samples prior SDS-PAGE results in disruption of both homodimers and heterodimers (bottom) (C) SDS-PAGE analysis of R91C and R170C mutant constructs reveal the presence of Notch3 homodimers under non-reducing conditions. Anti-Myc and Anti-V5 antibodies (Invitrogen) were used to detect Notch3 fragments and Lunatic Fringe, respectively.
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Human Molecular Genetics, 2005, Vol. 14, No. 12 the abnormal accumulation of Notch3 ectodomain in the brain vasculature of CADASIL patients (5) . An alternative model is that Fringe-mediated elongation of O-fucose may serve as a tag to indicate correct folding of the EGF-like repeats and license Notch proteins to undergo proteolytic maturation. The decreased levels of elongated sugars in the Notch3 receptor carrying a CADASIL mutation would indicate inappropriate folding and result in inefficient cleavage by Furin. The link between proteolytic processing of Notch3 and its glycosylation state is strengthened by the observation that mutations in glycosylation sites decreased S1-processing of Notch3 (Fig. 5A) .
In mammals, proteolytic maturation of Notch receptors is an important regulatory mechanism that precedes translocation to the plasma membrane. Furthermore, our biotinylation experiments are in agreement with the previous evidence showing that most of the Notch3 receptor present at the plasma membrane is cleaved. However, impaired proteolytic maturation of mutant Notch3 did not result in reduced levels of receptor present at the plasma membrane (Fig. 5B) . Persistent membrane localization of mutant Notch3 in the context of defective S1-cleavage is consistent with a model where decreased delivery of mutant Notch3 to the plasma membrane is counterbalanced by impaired clearance of the receptor from the same compartment. In fact, as mentioned earlier, the Notch3 extracellular domain was reported to accumulate in the plasma membrane of SMC in CADASIL patients (5) .
CADASIL mutations affect glycosylation of distant EGF-like repeats suggesting that a defect in Fringe-mediated chain elongation is a common mechanism by which all CADASIL mutations may operate (Fig. 3E) . By removing or adding cysteines, a typical CADASIL mutation could induce the formation of relatively stable non-native intramolecular disulfide bonds between neighboring EGF-like repeats that may interfere with Notch3 recognition by Fringe. This model is consistent with previous studies showing that individual domains within a multidomain protein do not fold independently and sequentially from the N-to the C-terminus, but instead fold by way of 'collapsed' intermediates that contain non-native disulfide bonds (33, 34) . Such intermediates are normally resolved by dynamic reshuffling of disulfide bonds until individual modules acquire the native structure (33) . However, in the presence of CADASIL mutations, the nonnative bonds could be preserved and may interfere with the folding of neighboring domains.
In an alternative model, we postulate that CADASIL mutations induce the formation of intermolecular disulfide bonds and dimerization of the mutant proteins. This dimerization phenomenon could make the glycosylation sites inaccessible to Fringe even if the CADASIL mutations are located away from the target sites. In support of this model, we found that CADASIL-like mutations located within the mutational hot spot induced aberrant homodimerization of a Notch3 fragment and the formation of Notch3/Lunatic Fringe heterodimers (Fig. 4) . In fact, the formation of heterodimers may render Fringe inactive and contribute to the glycosylation defect of mutant Notch3.
MATERIALS AND METHODS

Cloning
Plasmids encoding the intracellular (N3IC-HA) and the extracellular (JJ5) domains of mouse Notch3 (mNotch3) were the gift of Dr Urban Lendahl. PCR was utilized to amplify the region of mNotch3 that encodes for the intracellular domain of the protein (amino acids 1664-2318) using N3IC-HA as a template. The product of the PCR reaction was subcloned into PEGFP-N1 (Clontech) plasmid using the Nhe I and Hind III sites to obtain a fusion of EGFP to the C-terminal region of mNotch3 intracellular domain (N3ICD -GFP). To make a full-length mNotch3 fused to EGFP (N3 -GFP), we took the coding sequence of mNotch3 spanning the extracellular and transmembrane domains from JJ5 plasmid using Eco RV sites and this fragment was ligated into the N3ICD -GFP construct lacking the overlapping region. The coding region of EGF-like repeats 1 -5 of mNotch3 was amplified from the JJ5 plasmid using primers containing the Hind III and Apa I restriction sites at the 5 0 and the 3 0 ends, respectively. After restriction enzyme digestion, the amplicon was subcloned into a pSecTag2A backbone, N3 -EGF 1 -5, (Invitrogen). Mutagenesis of Notch3 constructs was performed using Quickchange multisite-directed mutagenesis kit (Stratagene). The pcDNA3-Lunatic plasmid containing the coding sequence of mouse Lunatic Fringe (mL-Fringe) was the kind gift of Dr Sean Egan. The coding region of mLFringe was amplified from pcDNA3-Lunatic plasmid using PCR and subcloned into the pcDNA4 backbone (Invitrogen) to obtain a C-terminal V5 tagged version of the enzyme (LFng-V5). In each cloning step that involved PCR, the product was sequenced entirely. All the restriction enzymes were from New England Biolabs.
Production of stably transfected cell lines CHO Lec1 cells stably transfected with either mL-Fringe-AP or with empty pMirb vector were developed and provided by the laboratory of Dr Pamela Stanley. The N3 -EGF 1 -5 constructs (wild-type, CADASIL-like mutants or glycosylationsite mutants) were transfected into Lec1/LFng or Lec1/pMirb cells using Geneporter (Gene Therapy Systems) according to the manufacturer's recommendations. Stable transfectants were selected by incubating cells lines with 250 mg/ml of Zeocin (Invitrogen).
Analysis of O-fucose structures
Cell lines were labeled with [6- 3 H]fucose or [6-3 H]glucosamine as previously described (29) . Purification of N3 -EGF 1 -5 fragments, analysis of O-fucose saccharide structures via alkali-induced b-elimination and gel filtration chromatography were carried out as described earlier (27, 35) . Analysis of O-fucose or glucosamine incorporation via fluorography and western blot using anti-Myc antibody was carried out as previously described (29) .
Western blot analysis of Notch3 fragments N3 -EGF 1 -5 proteins were purified from culture medium of COS-7 cells transiently transfected with 8 mg of wild-type or mutant Notch3 constructs and 2 mg of LFng-V5 or control vector using Lipofectamine 2000 (Invitrogen). Purified proteins or total cell lysate in RIPA buffer [50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 1% NP40, 0.5% DOC, 0.1% SDS, 5 mM EDTA and 10 mM iodoacetamide] were prepared in reducing (loading buffer containing 2% SDS and 10% BME or DTT 100 mM) or non-reducing conditions (loading buffer containing 2% SDS) prior SDS -PAGE.
Biotinylation of cell surface proteins
COS-7 cells in 60 mm dishes were transfected with 8 mg of wild-type or mutant N3 -GFP and 2 mg of LFng-V5 or control vector using Lipofectamine 2000. Forty-eight hours after transfection, the cells were washed with HBSS (pH 8.0, supplemented with calcium chloride, 2.5 mM) and incubated with 2.5 mM EZ-link sulfo-NHS-Biotin (Pierce) in the same solution for 20 min on ice or lysed for direct western blot analysis as described subsequently: two washes followed by 15 min incubation of the cells in HBSS supplemented with glycine (100 mM) quenched the biotinylation reaction. Cells were lysed in RIPA buffer supplemented with protease inhibitor cocktail (Roche) and briefly sonicated. To purify biotinylated proteins, 90% of the lysate was incubated overnight with 300 mL of agarose-bound avidin D (Vector). The beads were washed with RIPA buffer without EDTA three times and boiled in SDS sample buffer to elute the protein. Proteins from biotinylated and non-biotinylated precipitated samples along with straight lysates (2%) were analyzed by SDS -PAGE. Anti-mouse Notch3 antibody (R&D, 1/300 dilution in 5% milk -TBST) was used to detect the fulllength receptor and the extracellular domain of the receptor. Anti-GFP antibody (Chemicon) was used to detect the full-length protein and the intracellular domain of the protein.
